Silicotungstic acid supported on SBA-15 (SiW 12 /SBA-15) has been synthesized under hydrothermal conditions and characterized with various analytical and spectroscopic techniques including X-ray diffraction (XRD), N 2 adsorption, transmission electron micrographs (TEM), and Fourier transform infrared spectroscopy (FT-IR). The catalytic activities of SiW 12 /SBA-15 catalysts were evaluated in the epoxidation of -pinene. 2,3-epoxypinane was the main product. The results showed that under the optimum conditions with 22.5 wt% loading of silicotungstic acid, 1.8 wt% of catalyst dosage, peracetic acid and -pinene molar ratio of 1.15, and 2.5 h of reaction time, the yield of 2,3-epoxypinane reached 90.30%. When the SiW 12 /SBA-15 was recycled for the fourth time, the catalytic efficiency decreased. The conversion rate of -pinene and the selectivity was 81.65% and 89.44%, respectively.
INTRODUCTION
With the continuous development and progress of science and technology, advanced materials with small size, high dimensions, and multi-functional such as ceramics, polymers, composites, semiconductors, and superconductors gradually attracted a wide range of research interests. The advanced materials with excellent mechanical, transmission, optical, electrical, magnetic, and thermal properties replaced the traditional materials in biological, energy, medical, aerospace, electric power, polymer industrials, corrosion and protection, and other industrial applications. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Mesoporous materials with uniform pore structure and an extensively high surface area have been reported for the potential applications of catalysts, adsorbents for large organic molecules and guesthost chemical supports. [38] [39] [40] In the family of mesoporous materials, SBA-15 is a newly discovered mesoporous silica molecular sieve with uniform tubular channels and has a variable pore diameter from 50 to 300 Å. Compared with MCM-41, SBA-15 has a larger pore diameter, thicker pore wall and higher hydrothermal stability. 41 SBA-15 materials ARTICLE modified by different functional groups have been studied, for example, the incorporations of Al, [42] [43] Ti, [44] [45] Sn 46 or V 47 into SBA-15 has appeared recently. The postsynthesis method is still overwhelmingly used, mainly because SBA-15 needs strong acidic synthesis conditions, and exhibits a great deal of useful characters. There are few papers about the modification and applications of SBA-15 with heteropolyacid. [48] [49] The catalytic epoxidation of alkenes has been a subject of growing interests in the fundamental chemistry and modern industrial processes, since epoxides are key building blocks in organic synthesis. [50] [51] -Pinene is the main component of turpentine. Its double bond with the great reactivity is prone to epoxidation reactions over the acidic catalyst. The epoxidation of alkenes is one of the key steps in functionalizing hydrocarbons and rapidly building functionality into a range of molecules. This is because epoxides are highly useful intermediates for the manufacture of many important commercial products, such as corrosion-protecting agents, pharmaceuticals, additives, etc. [52] [53] Their selective synthesis is of considerable academic and industrial interests. The homogeneous catalysts such as peracids have been mostly used in the industrial production of epoxides from the oxidation of alkenes (except for light alkenes). However, this inevitably produces a lot of wastes, polluting the environment. From the view point of sustainable and green chemistry, heterogeneous catalysts would be attractive since they offer the advantages of facile catalyst separation, possible catalyst recycling and high selectivity. Environmental considerations and handling difficulties have led to sustained efforts in recent years to replace homogeneous acid catalysts with solid acid catalysts.
In this study, SBA-15 modified with silicotungstic acid was prepared by post-synthetic methods for the first time to our knowledge. The characterization and catalytic properties of these materials were also illustrated. The transmission electron microscopy (TEM) and powder X-ray diffraction (XRD) results proved that the modification was successful and molecular sieves were not destroyed. The catalytic activities of modified mesoporous silica molecular sieves were evaluated in the epoxidation of -pinene. 12 were added to 20 mL deionized water, mechanically stirred for 5 h, dried at 100 C for 5 h, and then calcined at 350 C for 3 h. The sample was indexed as SiW 12 /SBA-15 (30) . SBA-15 mesoporous molecular sieve loaded with 20%, 40% and 50% silicotungstic acid was prepared by the aforementioned method.
EXPERIMENTAL DETAILS

Characterization of SBA-15
XRD patterns were recorded between 2 = 0.1∼10.0 and 2 = 5.0∼80.0 , respectively, on a Nicolet powder X-ray diffraction apparatus equipped with a Cu-K irradiation operating at 40 kV and 100 mA.
Nitrogen adsorption-desorption isotherms were measured with a Tristar 3000 surface area and porosimetry analyzer (Micromeritics Instrument Corp., USA). Brunauer-Emmett-Teller (BET) surface area was determined from the linearity of BET equation. Pore size and its distribution were calculated using desorption isotherm branch and the Barrett-Joyner-Halenda (BJH) formula. The samples were outgassed for 12 h at 383 K in a vacuum (10 −6 Torr) prior to the measurement. TEM images were taken on a JEM-2010 TEM instrument with an accelerating voltage of 200 kV to investigate the fine structure, morphology and particle size.
FT-IR spectra were recorded on a Thermoscientific Nicolet 380 FT-IR spectrometer at 2 cm −1 resolution using a KBr pellet technique. Before measurement, all samples and KBr were dried in a loft drier at 773 K overnight. The sample diluted in KBr (2.0 wt%) was pressed into a wafer.
2.5. Synthesis of 2,3-Epoxypinane 2,3-Epoxypinane was synthetized by -pinene and peroxyacetic acid in a flask with a condenser at the reflux ARTICLE temperature, in the presence of silicotungstic acid supported on SBA-15 (SiW 12 /SBA-15) as catalyst and quaternary ammonium tetrabutyl ammonium bromide as a phase transfer catalyst. In addition, low reaction temperature was beneficial to the epoxidation, and thus the epoxidation should be conducted below 10 C. After the reaction, reaction solution was fully mixed with 200 mL water to dissolve CH 3 COONa and remove solid by filtration. The liquid was then separated into the water layer and the organic layer in the liquid separation funnel, then extracted the water layer 1 to 2 times with CHCl 3 , collected the lower liquid and merged with the organic layer. The organic layer was washed with saturated NaCl solution and saturated Na 2 S 2 O 3 solution in turn. The collected lower layer liquid was washed with saturated NaCl solution to neutral. After drying with Na 2 SO 4 , the product was a colorless, transparent liquid with cool smell. The liquid organic products were quantified using a gas chromatograph (Agilent 7890) with a capillary column (CPB10-S25-050) and a FID detector, in which nitrogen was used as a carrier gas with injected port temperature of 523 K and programmed ramping column temperature from 353 to 523 K (3 K min −1 . The diversion ratio was 1:50. The formula of conversion rate is formula (1) and the formula of selectivity is formula (2).
Conversion rate X % = moles of initial -pinene−surplus -pinene moles of initial -pinene ×100%
Selectivity S % = moles of 2 3-epoxypinane moles of initial -pinene−surplus -pinene ×100%
2.6. RSM Design of Epoxidation of -Pinene by SiW 12 /SBA-15 The response surface method (RSM) was used to investigate the interaction between factors, and the optimal single factor values. The RSM experimental design was selected for the four factors and three levels, the dosage of the catalyst, peracetic acid and -pinene molar ratio, and reaction time. The experimental design was shown in Table I . Figure 1 . The observed intense peak (100) at 2 = 0.9 , an additional peak (110) and a very weak peak (200) in the small angle range are the typical diffraction peaks for SBA-15. The peaks of SBA-15 are located at 0.9 , 1.5 and 1.8 . These prove that the pore of modified materials has a high degree ordering hexagonal structure. 54 This indicates a good mesoscopic order and the characteristic hexagonal features of SBA-15 maintained in SiW 12 (30)/SBA-15 samples. Silicotungstic acid does not alter the XRD patterns. According to the large angle XRD patterns (2 = 5-40 ), the diffraction patterns are very diffusive. According to the literature, the characteristic peaks of pure silicotungstic acid are 7 ∼10 , 15 ∼22 , 26 ∼31 , 34 ∼39 . However, the characteristic peaks of silicotungstic acid in the wide angle X-ray diffraction do not appear, which assume that silicotungstic acid is well dispersed on SBA-15.
Nitrogen Adsorption-Desorption Isotherms
In the isothermal diagram, a typical irreversible-type IV adsorption isotherm with a hysteresis loop as defined by IUPAC for the SiW 12 /SBA-15 catalyst is observed. There are two obvious inflection points in the range of 0.60 to 0.90, indicating that the SiW 12 /SBA-15 catalyst has the same adsorption type as SBA-15, and belongs to the fourth type adsorption-desorption isothermal model. After loading, the N 2 adsorption-desorption curve of sample moves to a relatively small pressure direction, and then begins to move smoothly near 0.9, which is the same as the adsorption isotherm of SBA-15 in the literature. 55 The hysteresis loop is a typical feature of mesoporous materials. An increase in the N 2 adsorption amount due to multilayer adsorption was observed at higher-pressure region as SBA-15 has a larger pore size than MCM-41. [56] [57] The average diameters of primary mesopores, labeled as DBJH, were obtained from the maximum of a pore size distribution using the BJH method (Table II) . The specific surface area and the average pore size were decreased after silicotungstic acid loading. Siliceous SBA-15 possesses a narrow pore size distribution and a high mesoporous surface area with considerable micropores, as seen from Table I . The impregnation of silicotungstic acid reduced the surface area. The t-plot analysis was used to estimate the micropore volume in SBA-15. A gradual disappearance of the micropores on incorporation of silicotungstic acid in SBA-15 was observed. Combining this with the above BET analysis, the observed decrease in the surface area during silicotungstic acid addition is essentially due to the loss of micropores. Since the micropores are probably generated by the penetration of hydrophilic poly(ethylene oxide) chains of triblock copolymer into its thick silica walls, hydrothermal heating would shrink the silica walls to mend the "holes" therein, which are micropores. [58] [59] [60] [61] [62] Sci. Adv. Mater., 11, 699-707, 2019
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The large angle XRD patterns The small angle XRD patterns Two theta (degree) Two theta (degree) Intensity (a.u.) Intensity (a.u.) From Table I , it is seen that with the increase of silicotungstic acid loading, the pore size, pore volume and specific surface area of the mesoporous materials are decreased to a certain extent. The reason for the reduction of pore size is probably due to the entry of silicotungstic acid loading components into the channel.
TEM Image
The modified SBA-15 still presents a six square pass and an ordered mesoporous structure, Figure 2 . The loading of silicotungstic acid by impregnation has no significant influence on the skeleton of SBA-15. The pore size of sample is about 4-7 nm, which is reduced to a certain extent compared with pure SBA-15, indicating that the silicotungstic acid has been loaded in the channel.
FT-IR Analysis
The FT-IR spectra of SBA-15 and SiW 12 /SBA-15 samples are presented in Figure 3 . The FT-IR spectra of both SBA-15 and SiW 12 /SBA-15 samples are dominated by the asymmetric Si-O-Si stretch at 1110 cm −1 . The symmetric stretch occurs at 809 cm −1 , while the band at 458 cm
is assigned to the Si-O-Si bending mode. The band at 971 cm −1 can be assigned to the Si-OH vibration generated by the presence of defect sites. The FT-IR absorption peak of SBA-15 lattice water and hydroxyl band is distributed near 3432 and 1600 cm −1 . A wider absorption peak near 3432 cm −1 belongs to Si-OH outside the SBA-15 skeleton and the stretching vibration peak of adsorbed O-H in water. SiW 12 /SBA-15 molecular sieves still maintain the characteristic peak of SBA-15 in FT-IR spectrum. It indicates that the skeleton structure of molecular sieve still exists when SBA-15 is modified by silicotungstic acid. The structure of mesoporous molecular sieves SBA-15 loaded by silicotungstic acid was not destroyed. The structure characteristics of Keggin silicotungstic acid are at 1028, 980, 924, and 796 cm −1 . Among SiW 12 /SBA-15 catalyst, the part characteristic absorption peak of silicotungstic acid is obscured by the strong background of SBA-15. The absorption peak can be observed at 980 and 796 cm −1 , indicating that silicotungstic acid keeps the basic structure of Keggin. 63 
RSM Experiment Results
Based on the single-factor experiment, the Response Surface Methodology (RSM) was used to analyze the optimum condition including the loading of silicotungstic acid, the dosage of catalyst, peracetic acid and -pinene molar ratio, reaction time of the interaction and the optimization condition. The experimental results are shown in Table III . The data were analyzed by employing the Software Design Expert (version7.0) to develop response surface models. The response and variables are correlated by the following second-order polynomial quadratic equation (3): 
where Y is the response for conversion rate, X 1 is silicotungstic acid loading, X 2 is the dosage of catalyst, X 3 is the molar ratio of peracetic acid to -pinene, X 4 is the reaction time. The fit of the model is evaluated by coefficient of determination (R 2 and analysis of variance (ANOVA).
3.6. ANOVA RSM was applied for successful development, improvements and optimization of the processes. It is the objective of RSM to comprehend the relationships between changes in responses to the adjustment of design variables. 64 So, in the RSM operations algorithm, those variables which have a significant effect on the process are tested simultaneously in a minimum number, according to a suitably selected plan of experiments. In order to determine whether the second-order polynomial model is significant, it is necessary to conduct ANOVA analysis. The data are presented in Table IV . It shows that the second order polynomial model is statistically significant (P < 0.0001) and suitable to describe the reaction of peracetic acid and -pinene. The P-value of 'lack of fit' is 0.2330, which indicates that 'lack of fit' is insignificant relative to the pure error. And the value of the coefficient of determination (R 2 is 0.9988, which can be used to explain 99.88% of total variation in the response, indicating the goodness of the regression model. From the analysis of the model equation coefficient significance (Table IV) , the load (X 1 , dosage of catalyst (X 2 , molar ratio of peracetic acid to -pinene (X 3 and reaction time (X 4 all have a significant effect on the conversion rate of -pinene. The interaction terms (X 1 X 2 , X 1 X 4 , X 2 X 3 , X 3 X 4 and the quadratic terms X 
Effect of Parameters
The response surfaces and the contour plots generated from the predicted model (Eq. (1) are useful because they provide a visualization of the reaction system for understanding the interactions between two variables Figure 4 contains the response surface plot and contour plot showing the effect of molar ratio and loading amount on the 2,3-epoxypinane synthesis at 2% of dosage of catalyst and reaction time of 2 h. The conversion rate of -pinene increases with the increase in molar ratio up to 1.2 and subsequently starts to decrease. In this case, when peracetic acid is too much, its strong acid may cause the damage to acid binding agent and solvent. Besides, the conversion rate of -pinene increases with an increase in the loading up to 30% and subsequently starts to decrease. This phenomenon may be due to that with the increase of silicon acid amount, catalyst acidity and activity are increased, but excessive loading will cause the decrease of the pore size of mesoporous SBA-15 by decrease of blocked, aggregation, and reactant contact surface, leading to the decreased catalytic activity. Figure 5 shows the response surface plot and contour plot showing the effect of reaction time and dosage of catalyst on the 2,3-epoxypinane synthesis at 30% of loading amount and molar ratio 1.2. The conversion of -pinene increases with an increase in dosage of catalyst up to 2% of the weight of -pinene, then keeps constant. The conversion of -pinene increases with an increase in the reaction time up to 3 h then keeps constant.
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Optimization of Reaction Conditions and
Model Verification Based on the discussion above, it is possible to obtain a high yield of 2,3-epoxypinane through searching the optimum point. To validate the predicted results, experiments using the improved formula are performed. The experimental values are found to be reasonably close to the predicted ones, which confirm the validity and adequacy of the predicted models. Under the optimum conditions (22.5% silicotungstic acid loading, 1.8% catalyst dosage, 1.15 peracetic acid and -pinene molar ratio, the reaction time is 2.5 h), the yield of 2,3-epoxypinane reaches 90.30%.
Reusability of SiW 12 /SBA-15
The results of cyclic experiments show that the SiW 12 / SBA-15 catalyst is stable, and it still has a high catalytic efficiency after 3 times. However, the catalytic activity begins to weaken after fourth times. After fifth time recycling, the catalytic efficiency is still the same as that of pure SBA-15 without loading. The results are summarized in Table V .
CONCLUSION
Under acid conditions, the mesoporous molecular sieve SBA-15 was synthesized by hydrothermal synthesis with P123 serving as the templates and Si(OC 2 H 5 4 as the silicon source. The SiW 12 /SBA-15 catalyst prepared by impregnation method was characterized by XRD, TEM, nitrogen adsorption desorption method and FTIR. The SiW 12 /SBA-15 still presented a six square pass and an ordered mesoporous structure. The loading of silicotungstic acid by impregnation had no significant influences on the skeleton of SBA-15. The pore size of the sample was about 4-7 nm. The silicotungstic acid kept the basic structure of Keggin. The catalysts were used for -pinene epoxidation. The reaction conditions for epoxidation of -pinene were optimized using the response surface method and determined as following: the load amount of 30%, the catalyst dosage of 1.8%, the molar ratio of peracetic acid and -pinene 1.3, and the reaction time is 3 h. The obtained -pinene conversion rate was 99.07%.
